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A eDNA coding for a new subunit of soluble guanylyl cyclase with a calculated molecular mass of 81.7 kDa was cloned and sequenced. On the 
basis of sequence homology, the new subunit appears to be an isoform of the ~-subunit and was designated ~v zas the new subunit is very similar 
to the ~-subunit in the middle and C-terminal part; it is quite diverse in the N-terminal part. Preceding experiments had shown that coexpression 
of the ct~- and fl~-subunits is necessary to obtain a catalytically active guanylyl cyclase in COS cells [(1990) FEBS Lett. 272, 221-223]. The finding 
that the ~',-subunit was able to replace tbe ct~- but not thefl~-subunit in expression experiments demonstrates the interchangeability of the ~-subunit 
isoforms of soluble guanylyl cyclase. 
Soluble guanylyl cyelase; eDNA: Amino acid sequence: Expression 
1. INTRODUCTION 
Guanylyl cyclases exist in membrane-bound and cy- 
tosolic forms. Membrane-bound guanylyl cyciases con- 
sist of one polypeptide chain with a single transmem- 
brane domain and belong to the group of receptor- 
linked enzymes. The isoforms of the membrane-bound 
enzyme differ in their N-terminal extracellular receptor 
domains, which are coupled to a common intracellular 
catalytic domain [1,2]. In contrast o the membrane- 
bound enzymes, cytosolic guanylyl cyclase has been 
purified as a heterodimer consisting of 73 kDa (a~) and 
70 kDa ~1) subunits, which both have been cloned and 
sequenced [3-6]. The amino acid sequences rev¢:aled ho- 
mologies between the subunits including the putative 
catalytic domain in the C-terminal region, which is also 
shared with the membrane-bound guanylyl cyclases and 
adenylyl cyclases [2]. Expression experiments revealed 
that coexpression of both subunits is required for the 
formation of an active enzyme [7,8]. Another subunit of 
soluble guanylyl cyclase was recently cloned and se- 
quenced, which shows high homologies towards the fl~- 
subunit and was therefore designated /~: [9]. As this 
subunit has not been coexpressed with any other gua- 
nylyl cyclase subunit, it is not known whether this sub- 
unit can form a catalytically active heterodimer with 
either the e~r or the ~t-subunit or whether another not 
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yet identified subunit is necessary for the assembly of a 
functional enzyme. Here we report on a new soluble 
guanylyl cyclase subunit, whose eDNA was amplified 
by the polymerase chain reaction (PCR) and subse- 
quently isolated from ,an human fetal brain library. 
2. MATERIALS AND METHODS 
Degenerated oligonucleotides - (antisense: CGGTCGACTTC/TT- 
CIGAC/TATC/TGTIGGITTC/TAC/AIGC. sense: CGAAGCTTC- 
CA/GAAIAG/AG/ACAG/ATAICG/AIGGCAT) - corresponding to
highly conserved amino acid sequences within the putative catalytic 
domain or the guanylyl eyclases, with restriction endonuclease 
recognition sites added to the 5'-end to aid subcloning amplified 
products, were used as primers in the PCR to amplify cDNAs coding 
for guanylyl cyclases. 
RNA (5 pg) which had been isolated from oposum kidney cells as 
described by Turpen and Griffith [10] was used to synthesize DNA. 
The PCR was performed in the presence of 120 pmol of each primer 
~nd 5 units of Taq-Polymerase (Serva, Heidelberg, Germany) in 30 
cycles (92°C, 90 s; 55°C. 120 s; 72°C, 180 s) in a thermocycler. The 
PCR. fragments were incubated with the large fragment ofDNA poly- 
merase I (Klcnow) to fill possible recessed 3'-termini and digested with 
Sall and Hindlll recognizing sequences introduced by the primers, 
separated on I% agarose gels. subcloned in M 13 and sequenced by the 
dideoxy chain termination method using Sequenase (USB, Bad Hom- 
burg. Germany). A eDNA library from human fetal brain constructed 
in lambda ZAP by Stratagene was screened with the subcloned PCR 
product coding for the new soluble guanylyl cyclase subunit as a 
probe. Labelling of the fragment was perlbrmed by random oligonu- 
cleotide priming and extension of dc.uble-strandcd DNA [I 1]. The 
procedures for scr,'ening were carried o,~t as described by Maniatis et 
zd. [12], and hybridization was performed at 55°C. Membranes were 
washed at 65"C wi~h 2 x SSC ( 1 × SSC = 0.15 J¢l NaCI/15 mM sodium 
citrate, pH 7.0) containing 0,1% SDS (w/v). if the eDNA used as a 
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probe was derived from a species other than the library; otherwise, the 
membranes were washed with 0. I × SSC containing 0.1% SDS (w/v). 
For Northern blots, total RNA was isolated as described by Cathala 
et al. [13]. Total RNA (10/ag) was glyoxylated, separated on agarose 
gels and blotted on GeneScreen ylon memb':anes. Hybridization in 
the presence of formamide at 42°C was carried out with a single- 
stranded probe derived from a 2.4 kb eDNA insert cloned in M I3. 
Washing of Northern blots (60"C) was performed according to the 
GeneScreen i struction manual. 
For expression, the full length clone HRO was excised from lambda 
ZAP II by NotI and Xhol and subcloned in Sail and Eagl-cut pBR 
322. The resulting construct was digested with Snell to achieve limi- 
nation of two ATGs (see Results)on two small SaclI fragments in the 
5"-non-coding region. After separation on an agarose gel. the vector 
and the fragment containing the coding region were eluted and religa- 
ted. The resulting clone was digested with Hindlll and Xbal. the insert 
was isolated and subcloned in Hhzd111- and Xbal-cut expression vector 
pCMV. For transfection, about 4 x 106 COS cells (African green 
monkey kidney cells transformed by an origin-defective simian virus 
40 mutant) were seeded on 150 cm-" plates. On the ne'~t day, the cells 
were transfected with 14/.tg ofplasmid per plate by the DEAE-dextran 
method [14]. Aft~;r 72 h, the cells were washed with phosphate-buffered 
saline solution and scraped off the plates in a 50 mM triethanolamine- 
HCI buffer, pH 7.4, containing I mM dithiothreitol. After passing the 
cells I0 times through a 22-gauge needle, the suspensions were centri- 
fuged for 20 min at 200 000 × g~,. 
Guanylyl cyclase activity of the obtained cytosolic fraction (30-50 
/tg of protein per assay tube) was determined by incubation for 15 rain 
at 37°C in the presence ofS0 mM triethanolamine-HCI buffer, pH 7.4, 
containing 3 mM dithiothreitol. I mM 3-isobutyl-l-methylx:,~.nine. 
I mM cyclic GMP, 5 mM creatine phosphate, 4.6 U/tube c,eatine 
phosphokinase, 0.05 mM [e~.-~"P]GTP (about 0.5 /dCi) and 3 mM 
MnCI.,, with or without 0.I mM sodium nitroprusside (SNP), in a total 
volume of 0.1 ml, as described previously [15]. 
For immunoblotting, cytosolic COS fractions were subjected to 
10% SDS polyaerylamide g ls containing 4 M urea and transferred 
electrophoretically to a nitrocellulose membrane in 25 mM Tris-HCl. 
pH 8.3, containing 192 mM glyeine. 0.02% (w/v) SDS and 20% (v/v) 
methanol at 250 mA for one hour. Processing of tl~e filters and treat- 
ment with antibodies was performed as previously described [16] ex- 
cept that the ECL Western blotting detection system according to the 
recommendation f Amersham was used for detection. The antibody 
used is directed against a peptide (VYKVETVGDKYMTVSGLP) of 
thefl~-subunit; this sequence is highly conserved among the subunits 
of soluble guanylyl cyclase. Coupling of the peptides and immuniza- 
tion was performed as described [16]. 
3. RESULTS 
New members of the guanylyl cyclase family were 
searched for, using the PCR to amplify template cDNA 
prepared from opossum kidney cells. Sequence analysis 
of the 300 bp long PCR products revealed clones corre- 
sponding to the sequences of GC-B and GC-C and 
clones containing a sequence similar to the 0q-subunit 
of soluble guanylyl cyclase. The insert of the new clone 
was used as a probe to screen a human fetal brain 
eDNA library. Besides several clones containing only 
parts of the sequence or introns, one clone (HR04; 2953 
bp) with an open reading frame was found, which en- 
coded a protein with a calculated molecular mass of 
81.7 kDa. The nucleotide and deduced amino acid se- 
quences of HR04 are presented in Fig. I. The potential 
initiation codon at bp 391 is preceded by the sequence 
CGGCAGC, which is in reasonable agreement with 
Kozak's rules for a consensus equence for eukaryotic 
initiation sites [17]. Two other ATGs (bp 84 and 211) 
further upstream in the 5"-non-coding region are in 
other reading frames and are followed by stopcodons. 
The open reading frame stops at bp 2587, and there are 
two polyadenylation sites (bp 2761 and 2876) in the 
3'-non-coding region. Blot hybridization analysis of 
total RNA derived from the human cell lines A431 (epi- 
thelial tumor), HEL (erythroleukemia) nd SH-SY5Y 
(neuroblastoma) with the cDNA coding for the ~.,-sub- 
unit exhibited a hybridizable RNA with an estimated 
size of 3.6 kb (data not shown). Comparison of the 
deduced amino acid sequence of HR0 with the se- 
quences of the other subunits of soluble guanylyl cyclase 
(Fig. 2) reveals that the new subunit most closely 
resembles the cq-subunit as 48% of the amino acids are 
shared with the ~t-subunR. The protein encoded by 
HRO was, therefere, designated the ~:-subunit. The 
relative amount of identical amino acids between the err- 
and ~2-subunits ranges from 27% identities in the N- 
terminal region to about 87% in the central part of the 
sequences and in the C-terminal domain, the latter 
domain being conserved between all guanylyl cyclases. 
There are almost no identitiez, however, in the last 30 
C-terminal amino acids of the 0~t- and ~2-subunits. To 
ensure that the differences between the ~t- and cz,-sub- 
units are not due to the different species from which the 
respective cDNAs were obtained, a eDNA encoding for 
a part of the rv,-subunit was also isolated from bovine 
brain (data not shown). The overall homologies of the 
a.,-subunit to thefl-subunits are considerably ower than 
to the c~t-subunit, as only 30% and 23% of identical 
amino acids are shared with the fl~- and fl2-subunits, 
respectively. 
In expression experimeP.~.s. COS cells were transfected 
with combinations of the available cDN &s coding for 
the various subunits of soluble guanylyl cyclase, i.e. st, 
~2 and fit. in the expression vector pCMV, to study their 
ability to form catalytically active dimers of the enzyme. 
Immunoblotting experiments were performed with cy- 
tosolic fractions of the transfected cells to verify the 
expression of the subunits. As shown in Fig. 3, an anti- 
body raised against a peptide with the sequence of the 
,Bi-subunit. whose sequence is conserved between all 
guanylyl cyclases, recognized proteins with appropriate 
molecular masses (approximately 70 kDa, fl~; 73 kDa, 
st; 79 kDa, ~:) in the cytosols of the cells which had 
been transfected with the respective cDNAs. The sub- 
units were not detected when the peptide was present 
during incubation with the antibody, whereas addi- 
tional faint bands remained unaffected under these con- 
ditions indicating unspecific binding. The less intensive 
recognition of the ~-  and ~2-subunits (in comparison 
with the flt-subunit) can be explained by the differences 
between the sequence of the peptide used for immunisa- 
tion and the sequences of c~- and ~2-subunits. 
In parallel, basal guanylyl cyclase activity and stimu- 
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I lO 20 30 
H S R ~ K I $ $ E S F S S L G $ D Y L E T ~ P E E E G E C P 
CGCCTcGGCCG~TGCAGCTCCG~CGGCAGCATGTcTcC~aJ~BG~TTTCGTCCGAGTCCTTCAGCTcCCTGGGCTCC~CTACCTGGAGA~CAGCCCGGAGGAGGAGGGGGAGTGCCCC 4BO 
40 50 60 70 
L S R L C W N G S R $ P P G P L E P S P A A A A A A A A P A P T P A A S A A A A 
CTGT~TAGGcTCTGCTGGAATGGCAG~cGGAGCC~G~CCG~GCCGCTG~GCcCAGCCCGGCcGCAGcTGccGCTGCCGCCGCCCcGGCcC~GACCCcGGCTGcTTcTGCCGCcGCCGCc 600 
80 90 I00 II0 
A A T A G A R R V Q R R R R V N L D S L G E S I S R L T A P S P Q T I Q Q T L K 
GCTGCCACTGCCGG~GCCAG~GGGTGCAGCGCcGGAGGC~GGTC~CCTGGACTCGCTGGGCGAGAGCATCAGCc~CCT~CGGCGCCcTCGCCTCA~c~TACAGcAGAcTCTC~G 720 
120 130 140 150 
R T L Q Y Y E H Q V I G Y R D A E K N F H N I S N R C S Y A D H S N K E E I E D 
AG~CACTGCAGTATTATG~CATCMGTT~T~GTTACAGG~TGCAGAAAAGAATTTCCAC~TATCTCT~CA~TGCTCCTATGCA~C~ACTCC~CAAAG~GAAATTGAAGAT ~0 
160 170 180 190 
V $ G I L q C T A N I L G L K F E E I Q K R F G E E F F ~ I C F H E N E R V L R 
GTCTCAGG~TTCTTcAGTGTACTGCTMTATACTCGGTTTG~GTTTGAGGAAATTCA.AAAAA~TTTGGTG~GTTCTTT~TATATGcTTTCATGAGAATGAGAGAGTCCTTC~ 960 
200 210 220 230 
A V G G T L Q D F F N G F D A L L E H I R T S F G K Q A T L E S P S F L C K E L 
GcTGTAGGTGGCAcTTTGCAG~cTTTTTT~CGGCTTTGATGCTTTGTTGGJkACACATTA~MCTTCTTTTGGA/~ACAGGCCACTCTG~GTCACCATcTTTCCTATGC~&A~GcTC 1080 
240 250 200 270 
P E G T L H L H Y F H P H H I V G F A M L G H I K A A G K K I Y R L D V E V E Q 
CCTEa`AGGTACTCTCATGCTCCACTACTTCCACCCTCAcCATATTGTGGGGTl.TGC~TGCTGGGGAT~TT~GGCTGCAG~GAAGATCTATCGGcTGGATGTGGMGTGGMCAG 1200 
280 290 300 310 
V A N E K L C S D V S N P G N C S C L T F L I K E C E N T N I H K N L P Q G T S 
GTTGCAAATGAG~GcTATGCTCTGATGTTT~AAACcCAGGC~TTGTAGCTGTCTTACTTTCcTTATCAA~AGAATGTGAAAATACT~TATCATG~cCTTcCACAGGGAACCTCc 1320 
320 330 340 350 
Q V P A O L R I S I N T F C R A F P F H L M F D P S H S V L Q L G E G L R K Q L 
CMGTTCCTGCGGAC~TCAC~ATTAGCATC~CACCTTCTGTAGAGCCTTCCcTTTcCAcTT~TGTTT~TCcCAGCATGTCAGTcCTTCAGTTGGGGGAAGGTcT~GG~GCAGCTT 1440 
360 370 360 390 
R C D T H K V L K F E O C F E I V S P K V N A T F E R V L L R L S T P F V I R T 
C~TGTGACACTCA~AAAGTGcTCA~GTTTGAGGACTGCTTcGAGATTGTATCTCCAJ~AGGTT~TGCCACCTTTGA`AAGGGTcCTGCTGCGACTGTCTACCc~GTTTGT~TTAG~CC 1560 
400 410 420 430 
K P E A S G S E N K D K V M E V K G Q H I H V P E S ~ S I L F L G S P C V D K L 
~GCCT~GGcTTCTGGcTcl.G/~AATN~AGAC~GGTGATGG~GTC/uEAG~CA/kATGATCCATGTTCCAG~TcAAATTCCATTTTATTTTTGGGCTCTCCATGTGTGGAC~GTT~ 1680 
440 450 460 470 
D E L M G R G L H L S D I P I H D A T R D V I L U G E Q A K A Q D G L K K R H D 
GATGAACTCATGGGCC~GGGCTACATCTCTCAGACATCCCTATcCATGATGCcACCCGAGATGT~ATTTTGGTTGGT~GCAGGCAN~GGCCC~GATGGGTTG~GA~V~AGGATGGAT 1800 
480 490 500 510 
K L K A T L E R T H Q A L E E E K K K T V D L L Y S I F P G D V A Q Q L W Q G Q 
AAATTAJ~A~G~CTTTAGAA~G~CTCACCAGGCCCTGG~GAAGAGAA~u~AG~GACAGTGGATCTTCTATATTCTATTTTcCCTGGTGATGTAGCCCAGC~TTATGGc~GGGCAG 1920 
520 530 540 550 
Q V Q A R K F D g V T M L F S D I V G F T A I C A Q ¢ T P M Q V I $ M L N E L Y 
C~GTACAGGCCAGA~a` AGTTTGATGATGTCAC~ATGCTCll-Fr~G~GGCR~GCcATATGTGCCCAG~GTACTCCCATGC~T~T~AGCATGCTGAATG~CTGTAC 2040 
560 570 580 590 
T R F D H Q C G F L D I Y K V E T I G D A Y C V A A G L H R K S L C H A K P I A 
ACCA~TTT~CCAcCAGTGTG~TTTTTG~TATTTAT~G~TGGAAAC~TAGGT~TGCcTACTGTGTTGCAGCAGGG~TCCACAGA~AAAGCcTCTGCCATGCTA~V~CCCATTGcT 2160 
600 610 020 630 
L H A L K H N E L S E E V L T P D G R P I Q H R 1 G I H $ G S V t A G V V G V R 
CT~TGGCCTTr`~A~TGATGGJV~CTTTcAGAAGAGGTGCTGACA~CTGATGGAA~CCGATTCA~T~G~TAG~AJ~TTCACTCAGGCTCcGTGCTGGCTG~GTTGTTGGGGTGC~ 2280 
640 650 660 670 
H P R Y C L F G N N V T L A S K F E S G S H P R R I ~ V S P T T Y Q L L K ~ E E 
AT~C~CGTl~A~C~TGl-TTG~T~TGTCACAcTGGC~GCAJ~ATTC~GTCGGG~GTcACCCTCGG~G~ATc~TGTCAGccc~C~AC~TACC~TTATTAA~J~cGAGAAG~ 2400 
680 690 700 710 
S F T F I P R S R E E L P D N F P K E I P G I C Y F L E V R T G P K P P K P S L 
AGTTTCACATTCATTCCGCGGTcTCGTG~GAGCTTcCAGAC~CTTTCcAA~A`GGLAATTCCTGG~TCTGCTATTTCCTG~GGT~GGACTGGTCCAA~a`GCCACCAAAGccTTcTcTT 2520 
720 730 
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Fig. 2. A l ignmenl  of  amino  acid scqt,¢nccs oi" four subuni ts  of  soluble guanylyl  cyclase. The sequences howu are the new az-subunit  of  human 
soluble guanylyl  cyclase, the ~,-st, bunit  of bov ine so lub le  gt,anylyl  cyclase [5]. thef l t -subuni t  o fbov ine  soluble guany ly l  cyclase [3] and  lhe f lz-subunil  
o f  rat so luble guanyly l  cy¢las¢ [9]. Identit ies of amino  acids with the %-subun i t  are shadowed.  
l a t ion  by  SNP was  determined  in cy toso l i c  f l ' ac t ions  o f  
the  t rans fec ted  ce l l s .  In  the  cy toso l  o f  unt reated  COS 
ce l l s  and  in  the  cy toso l  o f  COS ce l l s  that  had  bees  
t rans fec ted  w i th  the  vector  w i thout  an  inser t ,  cyc lase  
ac t iv i ty  was  undetectab le  (F ig ,  4 ) .  Expressmn o f  the  
~, -subun i t  a lone  d id  not  resu l t  in an  inc rease  in  cGMP 
fo rmat ion ,  conf i rming  that  an  asse ,nb ly  o f  a heterod i -  
mer  is requ i red  to  y ie ld  a cata ly t i ca l l y  ac t ive  enzyme 
[7,8] .  Coexpress ion  o f  the  ~, -subun i t  w i th  the  i l l - sub-  
un i t ,  but  not  w i th  the  0e . - subun i t ,  led  to  the  fo rmat ion  
o f  a funct iona l ly  ac t ive  guany ly l  eyc lase  w i th  spec i f i c  
ac t iv i t ies  between 20  and  100  pmol  o f  cGMP.min"  
.ms  ~. SNP  enhanced  GC act iv i ty  to  300  and  
800  pmol  o f  cGMP.min  ~.mg ~, cor respond ing  to  an  
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Fig. 3. lmmunoblotting analysis of 100 000 x g supernatants of trans- 
feeted COS-7 cells. Cytosolic proteins of COS cells (100 pg) transfec- 
ted with I:1 mixture of the expression vector pCMV containing the 
coding region of the flj-subunit and pCMV with the coding region of 
the ~zt-subunit (lanes 3 and 5) and ot'COS cells transfected with a ! :1 
mixture of pCMV containing the eDNA of the,B~-subunit and pCMV 
with the 0t,-subunit (lanes 4 and 6) were electrophoresed on a 10% SDS 
polyacrylamide g l containing 4 M urea. In lanes I and 2, cytosol of 
non-transfected COS cells and of COS cells which were transfected 
with the vector without an insert, respectively, wet'e applied. The 
proteins were transferred to nitrocellulose membranes and incubated 
with a peptide antibody against heflj-subunit, which crossreacts with 
the ~-  and ~:-subunits. The antibody incubation of stripes 5 and 6 was 
performed in the presence of the peptide. 
about lO-fold increase in enzyme activity. Control ex- 
periments with coexpressed ~-  and ,B~-subunits yielded 
an enzyme exhibiting 3-6 times higher basal and SNP- 
stimulated activities. The lower activity of the a,.fl~ hete- 
rodimer was not caused by a relative lack of cz=- subunit 
as doubling the amount of cDNA coding for the cx_,- 
subunit used for transfection led only to a slight increase 
in enzyme activity (data not shown). 
4. DISCUSSION 
Yuen et al. [9] identified an isoform of soluble guany- 
lyl cyclase subunits which, on the basis of sequence 
homology, was designated fl,. Here we report on an- 
other subunit of soluble guanylyl cyclase with a calcu- 
lated molecular mass of 81.7 kDa, which shows the 
highest degree of homology towards the ~-subunit and 
was, therefore, designated 0~. Expression experiments 
showed that this subunit indeed represents an isoform 
of the ~-subunit as coexpressicn of 0r= and/3~ but not of 
ct, and a~ leading to the ass,.'mbly of a catalytically 
active enzyme. These results confirm the necessity of the 
coexpression of an a- and fl~-subunit lor a functional 
se!uble guanylyl cyclase and beyond that demonstrate 
the interchangeability of the isoforms of the o~-subunits. 
Nothing is known so far about different biological func- 
tions of the isoforms. Besides the lower basal and stimu- 
lated activity of the 0~-heterodimer with possibly 
higher activity of the cz~fl=-heterodimer, we were not able 
to detect differences in regulations, at least with regard 
to activation by NO-containing compounds. The ex- 
istence of another potent stimulator of soluble GC 
c;nmot be excluded but does not seem very likely as 
both heterodimers are activated by NO, which appears 
to be a universal signal molecule found in more and 
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Fig. 4. Guanylyl cyclase activity of expressed subunits. Activity of 
soluble guanylyl cyclase was determined inthe cytosol ofnon-transfec- 
ted cells (- pCMV) and in the cytosols of COS cells transfected with 
unmodified expression vector (pCMV) and with the vector containing 
the eDNA coding for the cz:-subunit (p82). For expression of the 
heterodimers, COS cells were transfected with a l:I mixture of the 
vectors containing the eDNA coding for the ,fl,-subunit and for the 
0q-subunit (p70/p82). with a l:l mixture of vectors containing the 
cDNA coding for the ~t-subunit and for the ~,-subuni', (p73/p82). and 
with a I:1 mixture of vectors containing the eDNA coding for the 
B~-subunit and for the ,v~-subunit (p70/p73). Enzyme activities were 
determined with (0.1 raM) and without sodium nitroprusside (SNP) 
three days after treatment of the cells with or without the expression 
vectors. Data are shown for one representative experiment out of three 
similar experiments, performed in triplicates. 
more tissues [18]. The 0q.subunit may be expressed 
under conditions with a relatively high demand for 
cGMP, whereas the 0~,- subunit is expressed to form a 
less active guanylyl cyclase. Further experiments have 
to show if the expression of the isoforms of the subunits 
is cell type-specific or can be ditferenttally regulated 
within one cell in response to exogenous conditions. 
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